Introduction
============

Scaffolds and growth factors are considered as key components for bone regeneration.[@b1-ijn-7-5881] Ideally scaffolds should be combined with cells and growth factors capable of osteogenesis.[@b2-ijn-7-5881] The biomimetic scaffold design aims at providing structural support as a temporary matrix for cell proliferation and extracellular matrix deposition until the bone tissue is restored/regenerated, and is then eventually resorbed, leaving only the newly formed living tissue and the fully healed lesion.[@b3-ijn-7-5881] β-Tricalcium phosphate (β-TCP) has been widely used as a scaffold for bone repair due to its degradation behavior and similar Ca/P ratio to hydroxyapatite.[@b4-ijn-7-5881],[@b5-ijn-7-5881] However, the application of β-TCP is limited in non-load bearing areas because of its brittle mechanical property. Poly (lactic acid) (PLA) and its copolymers have a long history of safe clinical use including suture, plates, and screws in orthopedic surgeries. Although PLA can also be designed as a scaffold with controlled mechanical properties, too many acidic degradation products of PLA can cause asepsis inflammation which will damage the microenvironment of bone healing. In addition, PLA lacks osteoconductivity.[@b6-ijn-7-5881]

Recently, extensive research has been undertaken geared toward PLA/β-TCP scaffold composites, in which the addition of β-TCP into the PLA scaffold should not only regulate its degradation properties, but also improve bioactivity and biological behavior.[@b7-ijn-7-5881] However, to the authors' knowledge, existing studies on PLA/β-TCP scaffold composites were mainly focused on pore size, porosity, and mechanical behavior, and little attention has been paid to the influence of particle size of β-TCP on the biological performance of PLA/β-TCP scaffolds for bone regeneration. Micro-sized particles would decrease the strength and ductility of the composite material.[@b8-ijn-7-5881] In addition, nano-sized β-TCP (nβ-TCP) allows for the achievement of improved mechanical properties and tunable degradability compared to micro-sized powders.[@b9-ijn-7-5881] Furthermore, the interaction of osteoblasts with the nano-sized surfaces of biomaterials is critical for keeping the body from rejecting implants,[@b10-ijn-7-5881] and it is beneficial for the adhesion, proliferation, and differentiation of osteoblasts on nano-sized rough surfaces of PLA.[@b11-ijn-7-5881],[@b12-ijn-7-5881]

In the present study, we investigated the influence of nβ-TCP on the degradation behavior of PLA/nβ-TCP composite scaffolds in phosphate-buffered saline (PBS) solution, and we also evaluated the biological performance of scaffolds by monitoring heterotopic bone formation after rhBMP-2incorporation.[@b13-ijn-7-5881] We found that both the particle size and the content of β-TCP could lead to differences in degradation and osteoconductive properties of PLA/nβ-TCP porous scaffolds.

Materials and methods
=====================

Materials
---------

Micro-sized β-TCP (mβ-TCP) was purchased from Beta Whitlockite Plasma Biotal (Tideswell, UK); the particle size distribution of β-TCP granules was 75--100 μm. Poly-L/DL-lactide70/30 was obtained from Purac Biochem BV (Gronichem, Netherlands). rhBMP-2 was purchased from Rebone Biomaterials Co, Ltd (Shanghai, China). Rabbit anti-osteocalcin (OCN) antibody was obtained from Abcam Inc (Cambridge, UK).

Ten-week-old New Zealand White rabbits weighing 2.2--2.7 kg were provided by the Laboratory Animal Center of Zhongshan Hospital, Fudan University. All the experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee of Shanghai Fudan University, China.

Preparation of nβ-TCP and PLA/β-TCP composite scaffolds
-------------------------------------------------------

nβ-TCP was prepared using a wet grinding method. A mixture of mβ-TCP and diethylene glycol (1:1.5 w/w) was milled with zirconia beads at 1,800 rev/minute for 12 hours in a high-speed ball grinder. nβ-TCP powder was obtained after replacing diethylene glycol with acetone.

A PLA solution of 1.5 wt% concentration was prepared by dissolving PLA in 1,4-dioxane as previously described.[@b14-ijn-7-5881] Then, β-TCP powder was added to the PLA solution. The compositions of the various composites are listed in [Table 1](#t1-ijn-7-5881){ref-type="table"}. The solution was placed into custom-made Teflon molds (11 mm in diameter and 22 mm in height) and frozen at −30°C for 24 hours before freeze-drying for 24 hours. Pure PLA scaffolds were fabricated under the same conditions. After removal of the molds, the scaffolds were stored at room temperature and under vacuum for at least 48 hours before sterilization with gamma irradiation at 25 kGy.

Characterization of nβ-TCP particles
------------------------------------

### X-ray diffraction

X-ray diffraction spectrometry was obtained using an XD-3A powder diffractometer (D/Max r-B; Rigaku Corporation, Tokyo, Japan). A Cu Kα radiation at 40 kV and 100 mA was used. Diffractograms were obtained from 2θ = 3° to 50° with an increment of 0.02°, at a scanning speed of 4°/minute (2θ).

### Particle size

The average size, size distribution, and polydispersity index were determined by dynamic light scattering using a Zetasizer Nano series Nano-ZS (Malvern, UK). Measurements were performed at 633 nm with a constant angle of 90° at 25°C after samples were appropriately diluted in ethanol and the mean value was obtained from triplicate samples.

### Transmission electron microscopy (TEM)

The morphology of β-TCP nanoparticles was observed using a transmission electron microscope (H-7000; Hitachi, Ltd, Tokyo, Japan). A drop of sample solution (2 mg/mL) was placed onto a 300-mesh copper grid coated with carbon. After 2 minutes, the grid was tapped with filter paper to remove surface water, followed by air drying. The grid was dried at room temperature and then observed by TEM.

In vitro study
--------------

Before degradation, all the porous scaffolds were pre-wetted with PBS under pH 7.4 to ensure permeation through the scaffolds.[@b15-ijn-7-5881]

Scanning electron microscopy (SEM; TS 5136MM; TESCAN, Brno, Czech Republic) was employed to characterize the internal and external morphologies of the scaffolds every 4 weeks. Testing samples with thickness of 2--3 mm were cut from the scaffolds using a blade, sputter-coated with gold, and observed with SEM. The scaffold porosity was measured by modified liquid displacement with absolute ethanol according to the previously published method;[@b16-ijn-7-5881] the pore sizes were evaluated by SEM. The pH of PBS was measured with a pH-meter and replaced with fresh PBS every week. The mass changes were determined every 2 weeks, using the equation: loss% = (W~r~ − W~0~)/W~0~ × 100, where W~0~ was the original weight and W~r~ was the dried weight of the porous scaffolds. A compressive strength testing machine (Model 1121; Instron Limited, Norwood, MA) was employed to evaluate the compressive properties of the dried scaffolds at 23°C. Cylindrical scaffolds (11 mm in diameter and 22 mm in height) were employed as testing samples. The measurements were run at 1.0 mm/minute.

In vivo study
-------------

### Study design and surgical procedure

Thirty rabbits were divided into five groups based on the different implanted scaffolds. All implanted scaffolds had a similar size; blocks of 5 mm × 5 mm × 3 mm were treated with 20 μL of rhBMP-2 (containing 4 μg rhBMP-2) via microliter syringe before implantation.[@b17-ijn-7-5881] The rabbits were anesthetized with an intravenous injection of 3% ketamine (1 mL/kg) and operated on under sterile conditions. Four 2 cm skin incisions were made on both sides of the spine, and an rhBMP-2-loaded block was inserted into each of the four muscular pockets before the muscle and skin were sutured separately. The embedded samples were harvested at 2, 4, and 8 weeks after implantation (from 10 rabbits every time) for histological examination.

### Histologic analysis

All of the harvested samples were fixed in 4% formalin in PBS and demineralized in 12.5% ethylene diamine tetraacetic acid solution. The samples were then embedded in paraffin, sectioned at 5 μm, and processed for hematoxylin and eosin staining. For morphometric analysis, five sequential sections per implant were selected for investigation under low magnification, allowing for coverage of the entire implant. Two independent observers evaluated all slides to identify the type of bone tissue or scaffolds and blood vessels using a Leica-Qwin 3.2 Image Analysis System (Leitz DMRD, Leica Microsystems, Inc, Bannockburn, IL). The extent of bone formation was indicated by the percentage of the bone tissue area, and an average value was calculated for each implant. Data were then averaged across all implants within each group.

### Immunohistochemical analysis

Paraffin-embedded sections were deparaffinized in 100% xylene for 10 minutes, and then hydrated with 100% ethanol for 5 minutes, 95% for 3 minutes, 80% for 3 minutes, and 70% for 3 minutes. After washing in distilled water, the sections were trypsin digested for 8 minutes for antigen retrieval, then washed three times in PBS. Afterward, the slides were incubated with 3% hydrogen peroxide for 10 minutes and washed three times in PBS. Then, the slides were incubated with primary antibodies for OCN for 1 hour in a humid chamber at 37°C. After washing in PBS, the slides were incubated with secondary antibody conjugated with horseradish peroxidase for 30 minutes at 37°C. Finally, the slides were incubated with 3,3′-diaminobenzidene chromogen and counterstained with hematoxylin for 1 minute.

The slides were examined for color change under a light microscope (Olympus BX-61; Olympus Corporation, Tokyo, Japan). The scoring of OCN was carried out by two independent pathologists according to the proportion of cells with positive nuclear staining (negative, none; weak, ≤10%; moderate, 10%--50%; strong, \>50%).

Statistical analysis
--------------------

All data are presented as mean ± standard deviation (SD). Analysis of variance (ANOVA) was used to analyze the percentage of bone formation in each group. Statistical significance was defined as *P* \< 0.05.

Results
=======

Characterization of nβ-TCP
--------------------------

[Figure 1](#f1-ijn-7-5881){ref-type="fig"} shows the X-ray diffraction patterns of the mβ-TCP and as-prepared nβ-TCP powder. It revealed that both mβ-TCP and nβ-TCP were composed of highly crystalline powder and no second phase other than β-TCP was detected.

The morphology of as-prepared nβ-TCP nanoparticles was determined by TEM. Various irregular shapes were observed, with a size range of 20--160 nm ([Figure 2A and B](#f2-ijn-7-5881){ref-type="fig"}). On the other hand, as-prepared nβ-TCP exhibited a mean hydrodynamic diameter of 125 nm with a unimodal size distribution as estimated from dynamic light scattering ([Figure 2C](#f2-ijn-7-5881){ref-type="fig"}).

In vitro degradation of scaffolds
---------------------------------

### Changes of pore morphology and porosity

The pore morphology appeared to be rather uniform in all of the original scaffolds. The pore morphology over time is shown in [Figure 3](#f3-ijn-7-5881){ref-type="fig"}. Pore walls of pure PLA scaffold had more smooth surfaces compared to those composite scaffolds with various ratios of β-TCP. For the first 8 weeks, no significant morphological changes were observed for any of the five groups. After 26 weeks of degradation, the number of pores decreased, some pore walls disappeared, and bigger pores were formed. The average pore size and porosity decreased in the order of PLA/50 nβ-TCP, PLA/30 nβ-TCP, and PLA/10 nβ-TCP. Additionally, PLA/30 nβ-TCP exhibited larger pore size and porosity than PLA/30 mβ-TCP.

[Figure 4](#f4-ijn-7-5881){ref-type="fig"} shows the porosity changes of the different composite scaffolds. Prior to degradation, no significant differences were noted among the five groups, implying that the nβ-TCP ratio did not significantly affect the scaffold porosity. After 4 weeks, the scaffold porosity decreased to a minimum in all groups. Afterwards, the porosity increased over the remaining degradation period. The porosity of PLA/50 nβ-TCP scaffolds increased faster than PLA/10 nβ-TCP, PLA/30 nβ-TCP, or PLA/50 nβ-TCP scaffolds beyond 7 weeks. No significant differences in porosity changes were observed between PLA/30 nβ-TCP and PLA/30 mβ-TCP scaffolds over the 26-week degradation period.

### Change of mass, compressive strength, and PBS pH

[Figure 5](#f5-ijn-7-5881){ref-type="fig"} demonstrates that all the scaffolds lost weight slowly during the initial stage. Weight loss of PLA/30 nβ-TCP scaffolds was significantly faster than PLA/30 mβ-TCP scaffolds beyond 10 weeks. Weight loss of PLA/50 nβ-TCP scaffolds was significantly faster than PLA/10 nβ-TCP or PLA/30 nβ-TCP scaffolds beyond 5 weeks.

A constant decrease of compressive strength was observed over the 26-week degradation period, and the ratio of nβ-TCP significantly affected the initial compressive strength of the scaffolds ([Figure 6](#f6-ijn-7-5881){ref-type="fig"}). The compressive strength of PLA/30 nβ-TCP scaffolds remained higher than 1.0 MPa after 16 weeks. No significant differences in compressive strength were observed between the PLA/30 nβ-TCP and PLA/30 mβ-TCP scaffolds over the whole degradation period.

[Figure 7](#f7-ijn-7-5881){ref-type="fig"} illustrates the pH change of PBS solution over time. None of the groups showed significant pH changes until week 4 with a pH value between 7.33--7.39. The pH of each group decreased between weeks 4 and 9. PLA/30 nβ-TCP and PLA/50 nβ-TCP pH normalized in a range of 7.06--7.32 throughout the experiment, while PLA/30 mβ-TCP and PLA/10 nβ-TCP scaffolds reached their lowest pH at week 9.

In vivo study
-------------

### Histological analysis

All rabbits showed undisturbed wound healing without any clinical signs of inflammation over the implanted porous scaffolds.

Two weeks after implantation of the rhBMP-2-loaded porous scaffolds, only a small quantity of fibrous tissue was observed either at the periphery or in the pores of the scaffolds from all groups. At week 4, more mature neo-bone and blood vessels were observed in PLA/30 mβ-TCP, PLA/30 nβ-TCP, and PLA/50 nβ-TCP scaffolds than pure PLA and PLA/10 nβ-TCP scaffolds ([Figure 8](#f8-ijn-7-5881){ref-type="fig"}). At week 8, the bone forming area in PLA/30 nβ-TCP was 32.4% ± 1.6%, which was significantly higher than those of PLA/30 mβ-TCP (24.3% ± 0.5%), PLA/10 nβ-TCP (21.3% ± 1.2%), and PLA (9.2% ± 1.1%) (*P* \< 0.05). No significant difference with regard to new bone formation was found between PLA/30 nβ-TCP and PLA/50 nβ-TCP (33.2% ± 1.5%) ([Figure 9](#f9-ijn-7-5881){ref-type="fig"}).

### Immunohistochemistry

In OCN-positive tissue, immunostaining could be identified in osteocytes, and the staining was predominantly localized in the nucleus ([Figure 8](#f8-ijn-7-5881){ref-type="fig"}). Among the five groups, PLA/50 nβ-TCP, PLA/30 nβ-TCP, and PLA/30 mβ-TCP showed strong staining of OCN, whereas PLA/10 nβ-TCP and PLA scaffolds exhibited moderate and weak staining, respectively.

Discussion
==========

The present study investigated in vitro degradation behaviors of the PLA/nβ-TCP composite scaffolds by determining changes in pH, weight, compressive strength, porosity, and microstructure in PBS at pH 7.4 and 37°C over 26 weeks. We also studied the osteoconductivity of the PLA/nβ-TCP composite scaffolds by assessing ectopic bone formation in back muscle pouches of rabbits in the presence of rhBMP-2.

The acidic degradation products of PLA lead to a decrease in pH, which may cause cell morphological changes and eventually lead to cell death.[@b18-ijn-7-5881] β-TCP has been employed as a filler in order to improve osteoconductivity and to offset acid degradation products of PLA scaffolds.[@b19-ijn-7-5881]--[@b22-ijn-7-5881] The ratio of β-TCP in the scaffold composite strongly influences its degradation properties. It remains controversial whether β-TCP can buffer acid products. Haaparanta et al[@b23-ijn-7-5881] fabricated PLA/β-TCP scaffolds using a similar method to ours: they studied composite scaffolds containing 5, 10, and 20 wt% of mβ-TCP, and they reported that there was no significant buffering effect of β-TCP on the pH of the degradation medium in all groups. However, many studies, including the present study, have shown a pH buffering effect of β-TCP in PLA composite materials.[@b24-ijn-7-5881],[@b25-ijn-7-5881] The β-TCP ratio and particle size may be the main reasons for the conflicting results. We compared the change of pH between scaffolds containing 30 wt% mβ-TCP and 30 wt% nβ-TCP: the results indicated that the buffering effect of nβ-TCP was stronger than that of mβ-TCP. We also studied the effect of different content of nβ-TCP on pH change: decreased pH was detected in the PLA/10 nβ-TCP and pure PLA groups, while an obvious and consistent pH buffering effect was observed after 4 weeks when the content of nβ-TCP was 30% or 50% of total weight, indicating an evident dependence on the TCP ratio.

In addition to the effect of degradation products on the microenvironment, an appropriate 3-D structure (pore size and porosity) that facilitates cell attachment, proliferation, as well as the transport of nutrients and metabolic waste is a crucial factor for bone regeneration.[@b26-ijn-7-5881] It is generally acknowledged that higher porosity and larger pore size result in better in vivo bone ingrowth,[@b27-ijn-7-5881] and that porosity about 70%, pore size of 100--500 μm, and mechanical strength similar to natural bone are ideal scaffold characteristics.[@b28-ijn-7-5881] All the scaffolds in the present study exhibited appropriate physical structures with volume porosities higher than 70% and pore diameters of 150--350 μm. However, due to processing of the scaffold by freeze-drying, 50 wt% filler content was shown to be the upper limit to obtain a homogeneous and interconnected cellular architecture. In addition, increasing β-TCP content makes the composite material brittle and thus, less resistant to deformation.[@b29-ijn-7-5881] Our results showed that PLA/30 nβ-TCP and PLA/10 nβ-TCP scaffolds exhibited better mechanical properties than PLA/50 nβ-TCP scaffolds.

Previous studies have indicated that the incorporation of β-TCP into PLA scaffolds enhances osteoinductivity. This effect has been specifically highlighted in a rabbit model,[@b30-ijn-7-5881] which established a clear correlation between bone healing and the content of β-TCP particles mixed with PLA at 60°C ± 5°C in air, and showed a 50/50 PLA/β-TCP ratio exhibiting the best results. However, bone was considered as a nanocomposite material, and nanoparticles had better bioactivity and osteoconductivity than microparticles. Our histological result indicated that the composite scaffolds containing nβ-TCP had bigger bone areas than scaffolds containing mβ-TCP.

The various contents of nβ-TCP also resulted in differences of osteoconductivity. The in vivo results demonstrated that both of the scaffolds containing 30% and 50% nβ-TCP exhibited enhanced ingrowth of new bone, and had similar biological performance in terms of osteogenesis. In accordance with the in vitro degradation results, both PLA/30 nβ-TCP and PLA/50 nβ-TCP scaffolds maintained the PBS pH level during the degradation period. For comparison, pH 7.2 was considered as optimal for osteoblasts.[@b31-ijn-7-5881] The pH buffering effect was not detected in the PLA/10 nβ-TCP and pure PLA scaffold, in agreement with the weak osteoconductivity of this scaffold.

Conclusion
==========

The degradation behaviors and osteogenic potentials of porous PLA/nβ-TCP scaffolds were investigated under in vitro and in vivo conditions. The results showed that the nβ-TCP content did not markedly affect the microstructure of the composite scaffolds, but significantly influenced the in vitro degradation and in vivo osteoconductive properties. The buffering effect of nβ-TCP was confirmed in the present study, and this effect appears to be directly related to the nβ-TCP ratio. PLA/30 nβ-TCP scaffolds exhibited similar osteogenesis as compared to PLA/50 nβ-TCP, but the PLA/50 nβ-TCP scaffold was too brittle to be used in bone repair. In contrast, PLA/30 nβ-TCP scaffolds may have potential applications due to their outstanding mechanical properties that can meet the requirements of bone repair in load-bearing sites.
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![X-ray diffraction patterns of micro-sized β-TCP particles and as prepared nano-sized β-TCP particles.\
**Abbreviation:** β-TCP, β-tricalcium phosphate.](ijn-7-5881f1){#f1-ijn-7-5881}

![TEM images of dried particles (**A** and **B**) and size distribution of nano-sized β-TCP particles (**C**).\
**Abbreviations:** TEM, transmission electron microscopy; β-TCP, β-tricalcium phosphate.](ijn-7-5881f2){#f2-ijn-7-5881}

![SEM micrographs of the pores on the external surface of five composite scaffolds at 0, 8, and 26 weeks: pure PLA, PLA/10 nβ-TCP, PLA/30 mβ-TCP, PLA/30 nβ-TCP, and PLA/50 nβ-TCP scaffold.\
**Note:** Scale bars: 300 μm.\
**Abbreviations:** SEM, scanning electron microscopy; PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate; W, weeks.](ijn-7-5881f3){#f3-ijn-7-5881}

![Porosity changes of five composite scaffolds over a 26-week period of hydrolysis.\
**Abbreviations:** PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate; W, weeks.](ijn-7-5881f4){#f4-ijn-7-5881}

![Weight loss of porous scaffolds with different initial ratios of nβ-TCP.\
**Abbreviations:** PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate; W, weeks.](ijn-7-5881f5){#f5-ijn-7-5881}

![Changes in compressive strength of porous scaffolds with different initial ratios of nβ-TCP.\
**Abbreviations:** PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate; W, weeks.](ijn-7-5881f6){#f6-ijn-7-5881}

![Changes in pH of PBS solution used for in vitro degradation of composite scaffolds at 37°C.\
**Abbreviations:** PBS, phosphate-buffered saline; PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate; W, weeks.](ijn-7-5881f7){#f7-ijn-7-5881}

![H&E and OCN immunohistochemistry stain at 8 weeks demonstrating new bone and materials in each of the five groups: pure PLA, PLA/10 nβ-TCP, PLA/30 mβ-TCP, PLA/30 nβ-TCP, and PLA/50 nβ-TCP scaffolds.\
**Notes:** B indicates new bone. M indicates materials. Green arrow indicates OCN-positive cells, red arrow indicates negative cells. Scale bars: 20 μm.\
**Abbreviations:** H&E, hematoxylin and eosin; OCN, anti-osteocalcin; PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate.](ijn-7-5881f8){#f8-ijn-7-5881}

![Graph of neo-bone area from rhBMP-2 loaded scaffolds at 2, 4, and 8 weeks.\
**Notes:** Significance compared to pure PLA (a), PLA/10 nβ-TCP (b), PLA/30 mβ-TCP (c), PLA/30 nβ-TCP (d), PLA/50 nβ-TCP scaffolds (e).\
**Abbreviations:** rhBMP-2, recombinant human bone morphogenetic protein-2; OCN, anti-osteocalcin; PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate.](ijn-7-5881f9){#f9-ijn-7-5881}

###### 

PLA/β-TCP composite scaffold

  Group           PLA (wt%)   mβ-TCP (wt%)   nβ-TCP (wt%)
  --------------- ----------- -------------- --------------
  PLA             100         0              0
  PLA/10 nβ-TCP   90          0              10
  PLA/30 mβ-TCP   70          30             0
  PLA/30 nβ-TCP   70          0              30
  PLA/50 nβ-TCP   50          0              50

**Abbreviations:** PLA, poly (lactic acid); nβ-TCP, nano-sized β-tricalcium phosphate; mβ-TCP, micro-sized β-tricalcium phosphate.
